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Abstract 16 
The purpose of this study was to investigate the nature of inter-joint 17 
coordination at different levels of skilled performance to: (1) distinguish 18 
learners who were successful versus unsuccessful in terms of their task 19 
performance; (2) investigate the pathways of change during the learning of a 20 
new coordination pattern; and (3) examine how the learner’s coordination 21 
patterns relate to those of experts in the longswing gymnastics skill. 22 
Continuous relative phase (CRP) of hip and shoulder joint motions was 23 
examined for longswings performed by two groups of novices, successful 24 
(n=4) and unsuccessful (n=4) over five practice sessions, and two expert 25 
gymnasts.  Principal component analysis showed that during longswing 26 
positions where least CRP variability occurred for expert gymnasts, high 27 
variability distinguished the successful from the unsuccessful novice group. 28 
CRP profiles of successful novices became more out-of-phase over practice 29 
and less similar to the closely in-phase coupling of the expert gymnasts. 30 
Collectively, the findings support the proposition that at the level in inter-31 
joint coordination a technique emerges that facilitates successful 32 
performance but is not more like an expert’s movement coordination. This 33 
finding questions the appropriateness of inferring development towards a 34 
“gold champion” movement coordination. 35 
Word count: 191 36 
Key words: coordination, continuous relative phase, principal component 37 
analysis, motor learning, longswing 38 
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1.0 Introduction 39 
A major focus of the dynamical systems approach to motor learning is to 40 
understand how the components within a system (e.g., joint space degrees of freedom 41 
(DF)) become coordinated in order to more effectively and efficiently meet task 42 
demands (Kugler, Kelso, & Turvey, 1980; 1982; Newell, 1985; Kelso, 1995). 43 
Coordination is the process by which the components of the movement system are 44 
assembled into proper relations with each other during goal directed activity (Turvey, 45 
1990).  The development of general principles for the learned changes in coordination 46 
patterns of whole body tasks with many DFs has proved, as anticipated by Bernstein 47 
(1967), to be a challenge. 48 
Newell (1985) developed an interpretation outlined by Kugler et al. (1980; 49 
1982) of the constructs of “Coordination”, “Control” and “Skill” during motor learning. 50 
Based on the interaction of the task and intrinsic dynamics of the performer the first 51 
stage of learning, “Coordination”, was defined as the function that constrains potentially 52 
free variables into a task relevant behavioural unit with practice. “Control”, inherently 53 
embedded with “Coordination” and a reduction in coordination variability, is defined as 54 
the process by which parameters are assigned to the coordination mode in order to 55 
increase the effectiveness of the coordination.  “Skill” was defined by the ability to 56 
assign optimal parameters to the controlled variables to achieve an efficient or 57 
consistently successful performance even when faced with changing constraints 58 
(Newell, 1986). Empirical research suggests however that the mechanical and 59 
dynamical nature of these three stages of learning are inherently task and individual 60 
specific and can move through multiple pathways of change (Newell et al., 2001; Ko, 61 
Challis & Newell, 2003; Chow, Davids, Button & Rein, 2008; Liu, Mayer-Kress & 62 
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Newell, 2012). Therefore, little progress has been made in the development of general 63 
principles for learned changes of coordination patterns in whole body movement tasks. 64 
It is widely hypothesised that coordination variability holds important 65 
information about motor control during learning (Kugler et al., 1980; 1982; Newell, 66 
1985; Kelso, 1995). In line with Newell (1985) empirical studies have provided 67 
evidence of decreased coordination variability during the early stages of practice (Huys, 68 
Daffertshofer & Beek, 2003; Yang & Scholz, 2005; Chow et al., 2008). On the other 69 
hand, repetitions of well-learned movements have been associated with higher 70 
coordination variability but a stable performance outcome (Bernstein, 1967; 71 
Arutyunyan, Gurfinkel & Mirckii, 1969; Broderick & Newell, 1999; Wilson, Simpson, 72 
Van Emmerik & Hamill, 2008).  It appears to be the case that coordination variability 73 
can be driven in different directions during learning a given task. Further research is 74 
required to examine how coordination variability changes during learning for different 75 
skills, and from different qualitative and quantitative perspectives. 76 
The current study examines changes in the patterns of coordination during the 77 
learning of a whole body skill in order to investigate aspects of the pathways of 78 
coordination change.  Coordination is measured using continuous relative phase (CRP). 79 
CRP provides a measure of coordination between two oscillators, such segments of the 80 
body (Haken, Kelso, & Bunz, 1985; Kelso, 1995; Miller, Chang, Baird, Van Emmerik 81 
& Hamill, 2010; Busquets, Marina & Angulo-Barroso, 2013a) or joints of the body 82 
(Hamill, Van Emmerik, Heiderscheit & Li, 1999).  CRP has been used to study 83 
coordination in a range of movement tasks (Haken et al., 1985; Hamill et al., 1999; 84 
Miller et al., 2010), and sports skills including the basketball free-throw (Robins, 85 
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Wheat, Irwin & Bartlett, 2006), long jump technique (Wilson et al., 2008) and the 86 
gymnastics longswing technique (Irwin & Kerwin, 2007a; Busquets et al., 2013a,b). 87 
While CRP is a well established measure of coordination in movement science, it is a 88 
challenge to examine the continuous nature of the coordination; a characteristic that is 89 
often lost through the analysis of discrete points in time or through averaging over time. 90 
Principal component analysis (PCA) is a technique that can be used to search for 91 
patterns in the variance of continuous data sets. PCA extracts a smaller set of relevant 92 
features from high dimensional data sets by considering only those independent 93 
principal components (PCs) that explain a large amount of variance in the entire data set 94 
(Daffertshofter, Lamoth, Meijer & Beek, 2004).  PCA has been used to investigate 95 
intra-individual patterns in continuous joint motion data. For example, PCA has been 96 
used to capture changes in the dynamical DF during learning (Haken, 1996; Hong & 97 
Newell, 2006) and those involved in different gait (Lamoth, Daffertshofer, Huys & 98 
Beek, 2009) and swinging techniques (Post, de Groot, Daffertshofer & Beek, 2007). 99 
Other studies have used PCA to distinguish between patient and control groups based 100 
on the profile of continuous kinematic and kinetic variables (Deluzio & Astephen, 2007; 101 
Mantovani, Lamontagne, Varin, Cerulli & Beaulès, 2011; Federolf, Boyer & 102 
Andriacchini, 2013; Boyer, Federolf, Lin, Nigg & Andriacchini, 2012; Nigg, Baltich, 103 
Maurer & Federolf, 2012; Troje, 2002).  A emerging technique is to use PC projections 104 
and a “discriminant vector” to identify the key features of the movement patterns that 105 
were associated with PC that distinguished between groups and the associated 106 
movement characteristics (Deluzio & Astephen, 2007; Mantovani et al., 2011; Federolf 107 
et al., 2013). Capturing characteristics of inherently continuous data, PCA could allow 108 
us to maintain the rich information contained in CRP profiles, avoiding the need to 109 
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create discrete accounts of continuous phenomenon. However, to date higher order CRP 110 
profiles have not been examined using these techniques.  111 
In the current study the motor skill chosen to examine coordination differences 112 
during the learning process was the gymnastics longswing on high bar (see Figure 1).  113 
Technique in the longswing emerges within strict, well-defined, and relatively invariant 114 
task and environmental constraints that standardise competition between individuals.   115 
------------------------------------ 116 
Insert Figure 1 about here 117 
------------------------------------ 118 
Previous research has investigated the mechanical energetic characteristics of 119 
longswings performed by elite gymnasts and found that the key input of mechanical 120 
work occurs at the hip and shoulder joints as the performer passes under the high bar 121 
(270° in the swing; Arampatzis & Brüggemann, 1999; Yeadon & Hiley, 2000; Irwin & 122 
Kerwin, 2005; Irwin & Kerwin, 2007b; Williams, Irwin, Kerwin & Newell, 2012; 123 
Williams, Irwin, Kerwin & Newell, 2014). Moreover, the positions between 220̊ - 340 ̊124 
in the circle captured both the swing of unsuccessful novices and contained the key 125 
input of mechanical work responsible for performance improvement and successful 126 
swings (Williams et al., in press).  Therefore, this portion of the skill represents the key 127 
phase for identifying technique associated with progressions and learning the 128 
longswing.  129 
Coordination between the hip and shoulder joints using CRP has been 130 
previously examined for expert gymnasts.  Irwin and Kerwin (2007a) reported a tight 131 
Page 6 of 38
URL: http://mc.manuscriptcentral.com/rjsp
Journal of Sports Sciences
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
Longswing Coordination Journal of Sports Sciences 
   
7 
 
in-phase relationship between 240º and 360º in the circle.  For changes in discrete 132 
values of CRP during learning (but with reference to inter-segmental coordination 133 
between the thigh-trunk and trunk-arms) Busquets et al. (2013a) suggested that younger 134 
competition age groups were able to perform earlier swing coordination that was more 135 
similar to the elite gymnasts. With age coordination later in the swing also became more 136 
like the elite gymnasts (Busquets et al., 2013a). These results were paralleled the 137 
findings of Busquets et al. (2013b) who found that for adult learners discrete values of 138 
CRP during earlier swing event become more like that of expert gymnasts with better 139 
performance.  In this approach, and other studies of sports skills, the coordination and 140 
control of the expert performer was taken as the “gold-champion” to-be-learned 141 
dynamics and was based on discrete measures of coordination (e.g. Temprado, Della-142 
Grasta, Farrell & Laurent, 1997; Busquets et al., 2013a,b).  143 
Pathways of technique change (qualitative and quantitative) during learning of 144 
sports skills are often assumed to progress towards a “gold champion”. However, often 145 
observations are consistent with the perspective of degeneracy in biological systems 146 
(Edelman & Gally, 2001) whereby there are adaptive advantages of the potential to 147 
realize a given task goal through multiple pathways of movement organization.  Thus, 148 
even in a highly constrained task like the longswing the multiple joint DF are likely to 149 
afford variation between and within participants in the qualitative and quantitative 150 
properties of the dynamics and how these dynamics, as well as how they change over 151 
practice time (Newell, 1986). The significance of technique changes with practice and 152 
skill at the level of inter-joint coordination is indicated by the nature of change with 153 
performance improvement.   154 
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The purpose of this study was to investigate the continuous nature of inter-joint 155 
coordination at different levels of skilled performance.  The aims of this study were to: 156 
(1) distinguish learners who were successful versus unsuccessful in terms of their task 157 
performance by their movement coordination patterns; (2) investigate the coordination 158 
changes during the learning of a gross motor skill that requires the formation of a new 159 
coordination pattern; and (3) examine how the learner’s coordination patterns relate to 160 
those of experts in a whole body gymnastics skill. It was hypothesised that: (1) 161 
successful novice participants would have established a stable coordination pattern that 162 
distinguished them from non successful participants; (2) changes in coordination and 163 
coordination variability during practice would progress to more like that of experts; and 164 
(3) the coordination of successful novices would be more similar to that of expert 165 
gymnasts than non successful novices.  The emergence of more stable, task specific 166 
patterns of coordination that are indicative of performance outcome would provide 167 
evidence to decompose the notion of stages of learning (Newell, 1985), providing 168 
insight into the mechanisms of control and useful information for practice.   169 
2.0 Methods 170 
2.1. Participants 171 
 Ethical approval was gained from the host University’s Ethics 172 
Committee and voluntary consent was obtained from all participants prior to the onset 173 
of the study.   174 
 The eight male novices participated in the study. After three weeks of training 175 
(see 2.2 Procedures) the novices were split post-hoc into two groups; group 1 who could 176 
perform successful longswings (n=4; M ± SD age: 20 ± 2 years, mass: 67.1 ± 4.8 kg and 177 
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stature: 1.71 ± 0.05 m) and group 2 who could not (n=4; M ± SD age: 20 ± 1 years, 178 
mass: 79.8 ± 2.0 kg and stature: 1.80 ± 0.05 m). All novices continued to train for a 179 
further five weeks, and data were collected each week.  Two expert male gymnasts, one 180 
International level gymnast (age: 23 years, mass: 70.9 kg and stature: 1.73 m) and one 181 
Collegiate athlete (age: 18 years, mass: 62.7 kg and stature: 1.75 m) were also recruited.  182 
2.2 Procedures 183 
Data were collected during longswing attempts by novice gymnasts after three 184 
weeks of training. During these three weeks of training novices attended two 185 
gymnastics sessions each week. Firstly, a 1.5 hour session in the gymnasium run by an 186 
International gymnastic coach. During this session they performed longswing specific 187 
strength and conditioning exercises and skill progressions such as holding a handstand 188 
and handstand to flatback, respectively (Readhead, 1997; Arkaev & Suchilin, 2012). 189 
Secondly, novice participants attended a 1 hour session during which they attempted the 190 
longswing on the high bar during five trials that each consisted of three consecutive 191 
independent longswings. During these trials participants were aided by the gymnastics 192 
coach to obtain an initial angular momentum during three swings, they then performed 193 
the three consecutive unaided swings.  During each trial, participants were asked to try 194 
to increase their swing amplitude by beginning higher on the downswing and ending 195 
higher on the upswing until ideally, they were able to perform the complete longswing.  196 
Participants were instructed to keep knees and elbows fully extended during swinging. 197 
In the proceeding five weeks novices continued to train and data were collected for the 198 
three unaided swings performed during the second session of each week. Expert 199 
gymnasts attended a single data collection session where they were asked to perform 200 
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five trials, each consisting of three longswings. During data collection sessions markers 201 
were attached to the performers as below.  202 
2.3 Data Collection 203 
Individual specific body segment inertia parameters were estimated from 204 
anthropometric data obtained using the digital image technique of Gittoes, Bezodis and 205 
Wilson (2009) (Canon EOS400D SLR, Japan) for use within Yeadon’s (1990) 206 
geometric inertia model.  Kinematic data (200 Hz) were collected using an automated 207 
3D motion capture system (CODAmotion, Charnwood Dynamics Ltd, UK).  Two CX1 208 
scanners provided a field of view exceeding 2.5 m around the centre of the bar. The 209 
scanners were positioned behind the high bar floor sockets, facing inwards at an angle 210 
of 10° from the horizontal. Active markers were placed on the lateral aspect of each 211 
participant’s right side at the estimated centre of rotation of the shoulder and the elbow, 212 
mid forearm, greater trochanter, femoral condyle, lateral malleolus, fifth metatarso-213 
phalangeal and the centre of the underside of the bar.  214 
2.4 Data Analysis 215 
Raw marker data in the horizontal (y), and vertical (z) were identified from 216 
CODA output and all subsequent analysis took place using customised code written in 217 
MATLAB (The Mathworks, USA).  Kinematic data were filtered using a fourth order 218 
Butterworth filter with a cut-off frequency of 6 Hz (Winter, 2005).  The angular 219 
orientation of the gymnast about the bar was described by the circle angle (Figure 1).  220 
Circle angle was defined by the mass centre to neutral bar vector with respect to the 221 
horizontal, where, based on a classic mechanical definition, a circle angle of 270° saw 222 
the centre of mass of the gymnast below the bar (in hang). During each trial three 223 
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unaided consecutive swings, which included a downswing and an upswing, were 224 
performed. A complete 360° swing was defined each time the performer’s centre of 225 
mass passed through 90º (the top of the circle; Figure 1). Incomplete swings were 226 
defined by instances when the angular velocity of the circle angle vector went from 227 
negative to positive. The section of the swing between 224° and 340° was identified for 228 
analysis. Lines joining the shoulder centre, greater trochanter and femoral condyle 229 
markers defined the hip angle.  Shoulder angle was defined by the lines joining elbow, 230 
shoulder and greater trochanter markers.  Flexion of the hip and extension of the 231 
shoulder joints (closing) was defined as positive.  Swing two in each trial was analysed, 232 
resulting in five swings representing each session per participant. 233 
CRP was calculated based on the normalised angle and normalised angular 234 
velocity of each joint. Phase planes for each joint were constructed with the normalised 235 
angular position on the x-axis and normalised angular velocity on the y-axis (Hamill et 236 
al., 1999; Van Emmerik, Miller & Hamill, 2013).  Angular position was normalised 237 
between ±1 based on the maximum and minimum of samples (Hamill et al., 1999; Van 238 
Emmerik et al., 2013).  Angular velocity was normalised to the maximum of samples in 239 
order to keep zero velocity at the zero position of the phase plane.  Phase angle was 240 
calculated as the four quadrant arctangent angle of the phase plane relative to the right 241 
horizontal.  CRP of the coupling between the joints was calculated as the phase angle of 242 
the shoulder minus the phase angle of the hip joint.  A CRP angle of 0° indicates an in-243 
phase coupling and a ±180° indicates anti-phase. Values between 0° and 180° are 244 
considered as out of phase. In order to provide inter-performer comparisons between 245 
swings, data were interpolated, using a cubic spline, in 1° increments of the circle angle 246 
about the bar. 247 
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CRP variability (VCRP) was calculated as the standard deviation at each time 248 
point of the CRP curves over the five longswings representing a session (van Emmerik 249 
et al., 2013).  A discrete value was calculated as the average of the standard deviation 250 
for each of the points in the swing.  251 
Three separate PCAs were conducted.  A PCA was performed on: 1) a matrix of 252 
the CRP profiles of all the participants’ swings (eight novices x five session x five trials 253 
plus two expert gymnasts x one session x five trials); 2) the CRP profiles of each 254 
individual novice’s trials (five sessions x five trials); and 3) the VCRP profiles of all the 255 
participants (eight novices x five sessions plus two expert gymnasts x one session).  256 
PCA of these matrices resulted in PC vectors (equal to the number of trials) indicating 257 
the directions of the variance in the data set.  Each PC vector explains an amount of 258 
variance according to its respective eigenvalue.  A loading factor indicates the 259 
association of each trial onto each PC vector.  Pearson’s correlation was used to 260 
determine if a systematic change existed in the loading of a trial onto a PC with practice 261 
during the individual analysis.   262 
After testing for normality of data (Shapiro-Wilk; Peat and Barton, 1995) a t-test 263 
was used to determine if significant differences existed between the loading factor of 264 
trials onto each PC that belonged to each group of novices during the group analysis of 265 
PCA 1 (p < 0.05).  A discriminant vector was calculated according to the methods of 266 
Federolf et al. (2013; Equation 1) to support PCA 1, 2 and 3:  267 
Discriminant	vector = 			      Equation 1. 268 
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The discriminant vector was calculated as a linear combination of the PC onto which 269 
the loading of trials (δ) yielded; for PCA 1 and 3 large effect sizes (d > 0.8 (Cohen, 270 
1992)) between groups of participants, for PCA 2 a high Pearson’s correlation 271 
coefficient (r ≥ 0.6; Hemphill, 2003) with practice; and was weighted according to the 272 
amount of variation in the data explained by each PC (EV). 273 
3.0 Results 274 
3.1 Novice performance 275 
Unsuccessful novices improved swing amplitude over the five sessions of practice, by 276 
an average of 12° each session (Table 1.)  277 
---------------------------------------------- 278 
Insert Table 1 about here 279 
---------------------------------------------- 280 
3.1 Coordination – Group analysis 281 
The CRP profiles for the expert gymnasts ranged between 50° and -90°, with a 282 
close to in-phase relationship between the hips and the shoulders under the bar at 270º 283 
in the circle angle (Figure 2).  Although the profiles of the expert gymnasts were 284 
predominantly near in-phase, there were qualitative differences between the profiles 285 
(Figure 2).  The collegiate gymnasts’ CRP remained closer to in-phase than the elite 286 
gymnasts.  Novice CRP profiles ranged between ± 150° demonstrating a more out-of-287 
phase, tending towards anti-phase coordination between the actions at the hips and the 288 
shoulders compared to the expert gymnasts (Figure 3). 289 
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----------------------------------------------- 290 
Insert Figure 2 and Figure 3 about here 291 
----------- ------------------------------------ 292 
Investigating the common features in CRP profiles for the two novice groups (8 293 
novices x 20 swings) and the expert gymnasts (2 gymnasts x 5 swings), loading onto 294 
PCs that accounted for up to 90 % of variance in the data (PC1 to PC5) did not 295 
distinguish between the successful and unsuccessful groups (p = 0.01; Cohen’s d < 0.8; 296 
Table 2).  297 
---------------------------------------------- 298 
Insert Table 2 about here 299 
---------------------------------------------- 300 
3.2 Coordination - Individual CRP Analysis 301 
Removing the inter-subject dimension from the analysis, that accounts for 302 
within-group variability per-se and changes over time, PCA was performed on the CRP 303 
profiles of individual learners over practice.  For the successful participants between 2 304 
and 4 PCs described 90% of variance in the data, while for the unsuccessful participants 305 
between 3 and 5 PCs explained 90% of the variance (Table 3).  When loading onto the 306 
PCs was correlated with the practice number of the swing (r ≥ 0.6; Table 3) the 307 
discriminant vector was calculated to represent the change that occurred in the CRP 308 
profile with practice (Figure 4). Discriminant vectors for three of the successful novices 309 
showed that CRP became more out of phase over the learning period, particularly 310 
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during position in the swing where relative phase was tended toward anti-phase (180°, 311 
Figure 4, left).  In this respect, the CRP of the successful novices at this stage of 312 
learning was progressing to become less like that of the expert gymnast (Figure 2). Two 313 
unsuccessful novices showed smaller deviation away from tightly in-phase coordination 314 
with practice (Figure 4, right). 315 
---------------------------------------------- 316 
Insert Table 3 and Figure 4 about here 317 
---------------------------------------------- 318 
3.3 Coordination Variability - Group 319 
For the expert gymnasts the discrete VCRP was 6.8° and 5.0° across the 5 trials.  320 
Continuous profile of the VCRP showed that VCRP was greatest at 220° and 275°, and 321 
lowest at 250°, 260°, 295° and 310° in the swing for experts (Figure 5). 322 
------------------------------- 323 
Insert Figure 5 about here 324 
------------------------------- 325 
Novice values for VCRP in each session ranged between 11.7° and 52.4°, at 326 
least double the variability of the expert gymnast.  Two of the successful novices 327 
reduced VCRP (r = -0.76 and -0.72), while an unsuccessful novice increased VCRP 328 
over the 5 sessions (r = 0.72).  All other r < 0.6, indicating little or no linear trend in 329 
VCRP over the 5 sessions.  330 
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In order to investigate whether common characteristics of VCRP profiles 331 
distinguished between successful and unsuccessful novice groups a PCA was used to 332 
analyse the VCRP data.  Loadings onto PC2 distinguished between the successful and 333 
unsuccessful novices (Cohen’s d = 0.85; effect size r = 0.4).  The discriminant vector 334 
shows that successful novice data deviated from the mean of the data with high 335 
variability at 250º in the circle and towards 340º (Figure 5).  336 
4.0 Discussion  337 
The aims of this study were to: (1) distinguish learners who were successful 338 
versus unsuccessful in terms of their task performance by their movement coordination 339 
patterns; (2) investigate the pathways of change during the learning of a new 340 
coordination pattern; and (3) examine how the learner’s coordination patterns related to 341 
those of experts in the longswing gymnastics skill.  The findings revealed that changes 342 
in hip and shoulder joint CRP and CRP variability for a learner do not become more 343 
like that of an expert performer as they improve performance outcome.  Related to aim 344 
(1), the first hypothesis was not supported. Successful novices were not distinguished 345 
from unsuccessful novices based on their movement coordination profile. CRP 346 
variability during circle positions where least variability occurred for the expert 347 
gymnasts distinguished the successful from the unsuccessful novice group.  The 348 
pathway of change in CRP was not becoming more like that of an expert gymnast with 349 
practice, contrary to the second hypothesis. Furthermore, the results did not support the 350 
hypothesis that successful novice participants would have established a basic, in-phase 351 
coordination pattern that is more like that of experts, and distinguishes them from non 352 
successful novice participants.   353 
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The closely in-phase hip and shoulder joint coupling near the lower vertical 354 
position (270° in the circle angle) for the expert gymnasts is congruous with the results 355 
of previous studies (Irwin & Kerwin, 2007).  However, although the technique for this 356 
skill is highly constrained, qualitative differences in the CRP profiles of the expert 357 
gymnasts were identified.  These findings exemplify the importance of investigating 358 
individual’s movement patterns and their outcome (Newell et al., 2001) but provide 359 
further support for the closely in-phase nature of hip and shoulder coordination of 360 
expert gymnasts performing the longswing.   361 
The group-based PCA did not distinguish learners who were successful versus 362 
unsuccessful in terms of their task performance by their movement coordination 363 
patterns (Table 2).  This finding is contrary to the hypothesis that successful participants 364 
would have established a basic, task specific coordination more like that of experts, and 365 
distinguishes them from non successful participants. In coaching and sport science research and 366 
practice we would strongly consider the appropriateness of encouraging development towards a 367 
kinematic “gold standard” during motor learning. Not least because such a fundamental skill 368 
presents a basic action for expert gymnasts, who are able to modify the basic technique to 369 
achieve different aims, while for learners developing the movement patterns to be successful in 370 
this skill presents a high level of difficulty. A task-specific dynamic to underpin our 371 
understanding of successful and unsuccessful technique and our coaching is likely more closely 372 
related to variables that are associated with satisfying the biomechanical demands of the skill 373 
(Williams et al., in press), and not at the level of inter-joint coordination.  374 
Changes in coordination were expected with practice (Figure 2; Figure 3), which 375 
might explain why no distinguishing features were identified in the group analysis. In 376 
addition, variability within the groups contributed to no differences being found 377 
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between successful and non-successful novice groups in the PCA. Systematic changes 378 
in coordinative strategies of individuals with practice were found for five of the eight 379 
learners (Table 3; Figure 4).  The discriminant vector for successful learners showed 380 
that CRP became more out-of-phase, towards anti-phase coordination, and less like the 381 
in-phase profile of the expert gymnasts with practice (Figure 4).  Therefore, at the level 382 
of joint coordination and for this stage of practice it appears that the technique of 383 
successful novices is qualitatively different to that of expert gymnasts.  Furthermore, 384 
establishing a strategy that facilitated successful performance for novices was not 385 
associated with patterns of coordination progressing to become more like those of 386 
expert gymnasts performing the skill. A possible explanation for this finding was shown 387 
in Williams et al. (2014) who found that the hip joint actions becomes more like those 388 
of expert gymnasts, whereas the contribution of the shoulder action is limited compared 389 
to expert gymnasts.  A different pattern of coordination is elicited due to the 390 
biomechanical constraints of the shoulders for novices, which resulted in a more out-of-391 
phase towards anti-phase coordination profile during the swing.  That the coordination 392 
of non-successful novices was more similar to that of experts than the successful 393 
novices further suggests that the task-specific dynamic that distinguished between 394 
successful and unsuccessful technique is likely more closely related to variables that are 395 
associated with satisfying the biomechanical demands of the skill (Williams et al., 396 
2014), and not at the level of inter-joint coordination. 397 
In the work of Busquets et al. (2013a,b) who examined technique changes across 398 
age groups of gymnasts and novice adults, it was proposed that learning placement of 399 
the hip and shoulder events and inter-segment thigh-trunk coordination during the 400 
downswing should precede learning coordination of the shoulder in the downswing and 401 
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the coordination in the upswing. Williams et al. (2012, in press) supports the proposal 402 
that the position of hip and shoulder functional phase events and their preparatory 403 
actions should be the initial focus for novices. The current study however, which 404 
examined inter-joint coordination highlights that the progression of coordination is 405 
complex. The task-specific coordination that is key to improving performance is likely 406 
more closely related to variables that are associated with satisfying the biomechanical 407 
demands of the skill, and not at the level of inter-joint or segment coordination. 408 
Qualitative and quantitative differences in dynamics are consistent with the 409 
perspectives of degeneracy in biological systems (Edelman and Gally, 2001) whereby 410 
there are adaptive advantages of the potential to realize a given task goal through 411 
multiple pathways of movement organization.  Therefore, if the aim is to become 412 
successful, learners should be encouraged to explore interactions between the 413 
constraints to action in establishing successful patterns of coordination, or at least 414 
guided with reference to knowledge of the specific constraints for the task, as opposed 415 
to being directed to the coordination patterns of expert individuals. If mechanical 416 
efficiency or aesthetics is the goal, however, the recommendations might be different. 417 
Accordingly, it is hypothesised that degeneracy in successful technique is a reflection of 418 
practice and experience and if the novices continued to practice additional changes 419 
would be made and their dynamics would become like the in-phase coordination 420 
demonstrated by the expert gymnasts..  421 
Expert gymnasts had low overall VCRP (6.8º and 5.0°), which was expected due 422 
to their level of skill and also the highly constrained nature of the task (Figure 5).  423 
VCRP of successful learners well exceeded that of expert gymnasts and did not 424 
distinguish them from the unsuccessful group (ranging from 11.7° to 52.4°), suggesting 425 
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that the “Control” stage of learning (Newell, 1985) may not yet be established. While 426 
specific changes in the discrete single joint actions of the hip for novices learning the 427 
longswing have been shown (Williams et al., 2012), the joint coupling between the hips 428 
and shoulders remained highly variable.  Since there were qualitative differences in task 429 
outcome, that we did not find clear differences in coordination variability is striking. 430 
This finding suggests that for novices relatively high VCRP exists during trying to 431 
achieve the task and while achieving the task, presumably for different functions. 432 
Clearly, different levels of the system provide different perspectives on the nature of 433 
change and stability of the technique over repeated trials; confounding the development 434 
of general principles that characterise the learned changes in movement patterns. 435 
Some parallels and contrasts to our patterns of change in successful and 436 
unsuccessful learners have been reported by Wilson et al. (2008) who investigated skill 437 
acquisition in the triple jump technique.  They identified a “U” shape as CRP variability 438 
was plotted against performance level since less skilled and highly skilled athletes had 439 
the highest variability in joint coordination. In contrast, the results of the current study 440 
have shown that the joint coupling for successful novices is more variable than 441 
unsuccessful novices and expert gymnasts. Although it would appear that these two 442 
studies have identified certain contrasting findings it is proposed that the stages of 443 
learning and the constraints imposed by the two tasks are different; resulting in specific 444 
characteristics of variability in joint coupling with skill level.  The longswing is a highly 445 
constrained skill, and thus expert performers likely exploit effective and efficient 446 
movement patterns that have lesser requirements than longswing technique for 447 
functional variability to adapt to perturbations. Comparing more and less skilled trained 448 
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gymnasts may reveal the ‘U’ relationship of coordination variability identified by 449 
Wilson et al. (2008). 450 
Continuous characteristics of the VCRP distinguished between successful and 451 
unsuccessful groups of learners.  Specifically, successful novices had higher VCRP at 452 
positions in the swing where the variability of the CRP for the expert gymnasts was low 453 
(Figure 5).  From a mechanical perspective, this finding is surprising since Hiley, 454 
Zuevsky & Yeadon (2013) identified that the most mechanically important single joint 455 
actions (the circle position and joint angle magnitude of maximum opening to closing of 456 
the hips and shoulders underneath the bar) were less variable than those less 457 
mechanically important. However, single joint analyses by Williams et al (2012) and 458 
Busquets et al. (2013b) emphasised the reliance of adult learners on the hip actions, 459 
highlighting the disassociation between the hips and shoulders. It is suggested that high 460 
VCRP further highlights this disassociation, making it difficult to parallel VCRP and 461 
performance outcome.  462 
While continuous profiles of coordination and coordination variability were 463 
examined, only a section of the swing performed by successful novices was included in 464 
the analysis (as they completed the whole circle). Busquets et al. (2011, 13a,b) reported that 465 
during learning the longswing, actions at the beginning of the swing become more similar to 466 
those of experts before actions that occur later in the swing. The first of these actions was a 467 
closing of the hips and shoulders that occurred during the downswing, preceding the functional 468 
phase. Busquets et al. (2011) reported that this action occurred at the hip at 198° and 175°, and 469 
the shoulders at 207° and 193° in the circle for less and more spontaneously talented novices, 470 
respectively. With practice these values progressed towards the expert values of 144° and 150° 471 
in the circle for the hips and shoulders, respectively. According to the study of Williams et al. 472 
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(in press) this action is a preparation action for a later functional phase; a technique shown to 473 
more effective and mechanically efficient for novices. This preparation action was not captured 474 
by the portion of the swing analysed in the current study, which is a limitation of the current 475 
study and an area recommended future work. However, the current analysis did capture the 476 
section of the swing where the key biomechanical energetic contribution of the 477 
performers occurred (Williams et al., in press). The small sample size, particularly of 478 
expert gymnasts, may limit the generalisation of these results, however the 479 
methodological approach has demonstrated some interesting findings with the current 480 
sample. Future work is also recommended to replicate these techniques with a larger 481 
and more diverse group of learners.  482 
5.0 Conclusions 483 
The significance of technique changes with practice and skill at the level of 484 
inter-joint coordination is indicated by the nature of change with performance 485 
improvement.  The findings of this study support the position that in tasks with multiple 486 
joint space DF to coordinate and control, such as the longswing, changes in technique of 487 
a novice do not become more like that of an expert performing the skill as they improve 488 
performance outcome. Rather, a qualitatively different technique at the level of analysis 489 
inter-joint coordination ensues that facilitates the successful performance of a beginner. 490 
In addition, coordination variability profiles demonstrated a complex relationship to 491 
technique since the successful novice group were distinguishable from the unsuccessful 492 
novices by high variability at circle positions that were characterised by low variability 493 
for the expert gymnasts. These findings emphasise that in coaching and sports science 494 
research and practice we should strongly consider the appropriateness of encouraging 495 
(or inferring) development towards a kinematic “gold standard” during motor learning.  496 
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Future work is required to investigate the nature of change in coordination dynamics at 497 
different levels of the biomechanical system in order to increase our understanding of 498 
what variables are regulated during learning.  499 
  500 
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Table 1. Start (C1) and end (C2) position of the swing in the circle angle, swing 629 
amplitude (SA) and standard deviation (sd) for the unsuccessful novice group during the 630 
5 sessions of practice.   631 
Table 2. For the first 5 principal components: The % of variance explained by each, and 632 
Cohen’s d between the mean of the PC loadings of successful versus unsuccessful 633 
learners.  634 
Table 3. Number of principal components (PCs) accounting for 90 % of variance in the 635 
data, and the correlation (r) between practice number and the loading of that swing onto 636 
a PC.  637 
 638 
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 640 
 641 
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 653 
  C1 (°) sd C2  (°) sd SA  (°) Sd 
Session 1 204 20 345 4 141 17 
Session 2 193 5 350 5 157 8 
Session 3 187 5 339 43 153 44 
Session 4 173 7 368 6 196 13 
Session 5 156 11 383 11 227 9 
 654 
 655 
  656 
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 657 
PC 
 
 PC1 PC2 PC3 PC4 PC5 
% variation   
explained 
48 22 11 7 4 
Cohen's d 0.43 0.28 0.65 0.17 0.46 
Effect size 0.21 0.14 0.31 0.08 0.22 
 Note: Small effect sizes and Cohen’s d < 0.8 indicated that the PC represented a 658 
source of variability in the CRP profile unrelated to the difference between groups. The 659 
first 5 PC describe > 90 % of variance in the data.  660 
  661 
Page 31 of 38
URL: http://mc.manuscriptcentral.com/rjsp
Journal of Sports Sciences
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
Longswing Coordination Journal of Sports Sciences 
   
32 
 
Participant PCs = 90% 
of variance 
r
 
  PC1 PC2 
S1 2 -0.2 -0.1 
S2 3 -0.6 -0.6 
S3 4 -0.7 -0.2 
S4 4  0.2 -0.6 
NS1 4  0.9  0.0 
NS2 3  0.2  0.0 
NS3 3 -0.3  0.5 
NS4 5 -0.6  0.1 
Note: r ≥ 0.6 indicated that there was a high correlation between practice and 662 
characteristics of variance associated with that PC. 663 
 664 
 665 
  666 
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Figure 1. Schematic of the gymnastics longswing on high bar. The key section of the 667 
swing is highlighted. 668 
Figure 2. Continuous relative phase between the hip and shoulder joints for expert 669 
gymnasts; an elite gymnast (left) and a collegiate level gymnast (right); during 5 670 
longswings.  671 
Figure 3. In black: Continuous relative phase (CRP) profiles of a successful novice 672 
(top) and an unsuccessful novice (bottom) in for 5 longswings performed in session 1 673 
(left) and session 5 (right). In grey: CRP of elite (grey dot-dash) and collegiate (grey 674 
dot) gymnasts. 675 
Figure 4. In black: Mean continuous relative phase (CRP) for two successful (left top 676 
and bottom) and two unsuccessful (right top and bottom) novices over 5 sessions (solid 677 
line) and the discriminant vector (dashed line) onto which the CRP profiles became 678 
more associated with practice. In grey: CRP of elite (grey dot-dash) and collegiate (grey 679 
dot) gymnasts. 680 
Figure 5. In black: Mean of the variability of continuous relative phase (VCRP) during 681 
swings performed by successful and unsuccessful novices (solid line), the discriminant 682 
vector distinguishing VCRP for successful from unsuccessful novices swings (dashed 683 
line). In grey: VCRP over 5 swings for an elite (dot-dash) and collegiate gymnast 684 
(dotted) lines.  685 
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Figure 1. Schematic of the gymnastics longswing on high bar. The key section of the swing is highlighted.  
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Figure 2. Continuous relative phase between the hip and shoulder joints for expert gymnasts; an elite 
gymnast (left) and a collegiate level gymnast (right); during 5 longswings.  
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Figure 3. In black: Continuous relative phase (CRP) profiles of a successful novice (top) and an unsuccessful 
novice (bottom) in for 5 longswings performed in session 1 (left) and session 5 (right). In grey: CRP of elite 
(grey dot-dash) and collegiate (grey dot) gymnasts.  
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Figure 4. In black: Mean continuous relative phase (CRP) for two successful (left top and bottom) and two 
unsuccessful (right top and bottom) novices over 5 sessions (solid line) and the discriminant vector (dashed 
line) onto which the CRP profiles became more associated with practice. In grey: CRP of elite (grey dot-
dash) and collegiate (grey dot) gymnasts.  
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Figure 5. In black: Mean of the variability of continuous relative phase (VCRP) during swings performed by 
successful and unsuccessful novices (solid line), the discriminant vector distinguishing VCRP for successful 
from unsuccessful novices swings (dashed line). In grey: VCRP over 5 swings for an elite (dot-dash) and 
collegiate gymnast (dotted) lines.  
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